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CALCULATIONS FOR ZPR-VII FLUX-TRAP REACTORS 
WITH HEAVY WATER-MODERATED CORES 

by 

E. M. Pennington 

ABSTRACT 

Calculations have been made relating to flux-trap r e 
actors constructed in the ZPR-VII crit ical assembly having 
heavy water-moderated cores of THUD or Babcock and Wilcox 
fuel. The flux-trap regions consisted of heavy water, except for 
a few light water flux t raps with THUD-fueled cores . Various 
flux ratios and quantities, such as ratios of maximum thermal 
flux to maximum power density or total core power, are com
pared for THUD-fueled lat t ices. In connection with the B-and-
W-fueled lat t ices, which have thin cores with high resonance 
absorption, a study is made of reactors having cores with k^ < 1. 
It is shown that it is possible for a reflected reactor having a 
core with koo < 1 to be cri t ical if koj/p > 1, where p is the reso
nance escape probability, and if the dimensions and mater ia l 
constants involved are of suitable magnitudes. 

I. INTRODUCTION 

A flux-trap reactor consists of a core having a moderator-fi l led 
region at the center (inner reflector) and perhaps also an outer reflector. 
The thermal flux is highly peaked in the inner reflector, and so it is pos
sible to have higher ratios of maximum thermal flux to maximum power 
density or total power than is the case for reactors without flux t raps . 
Experimental flux-trap lattices have been constructed in the ZPR-VII 
cr i t ical assembly(l) having heavy water-moderated cores of THUD or 
Babcock and Wilcox (B and W) fuel. 

The THUD fuel consists of pellets of thorium oxide and highly en
riched uranium oxide with an atom ratio of thorium to U^'* of 25:1. The 
radius of the pellets is 0.2972 cm, and they are clad in thin-walled alumi
num tubes, roughly 5 ft long. For the B and W fuel, which also consists of 
pellets of thorium oxide and enriched uranium oxide, the atom ratio of 
thorium to U^" is 15:1, the radius is 0.3302 cm, and the cladding is also 
an aluminum tube about 5 ft long. In Reference 2 the propert ies of both the 
THUD and B and W fuel pellets and claddings will be described in detail. 



Flux-t rap reac tors containing THUD fuel were constructed with 
cores having uniform triangular pitches of 2ao or 6ao, where ao is 0.9525 cm 
(•| in.) and is equal to the spacing of the perforations in the grid plates 
which are used to space the fuel rods. For the 2ao spacing, the cores had 
various inner radii , outer radii , and heights, as well as an outer reflector 
consisting mainly of D2O. The inner reflectors consisted of heavy water 
or light water with a thin, aluminum cylindrical shell separating H2O from 
DjO in the light water cases . In the case of the 6ao lat t ices , the cores had 
various inner radii and heights, but essentially no outer reflector, as the 
fuel almost reached the wall of the ZPR-VII tank. All 6ao lattices had flux 
t raps consisting of heavy water. Experimental work with the THUD-fueled 
lattices with heavy water flux t raps has been reported briefly in Reference 3, 
The B-and-W-fueled flux trap reac tors had inner and outer reflectors of 
heavy water, various heights, and cores of lao spacing, which were very 
thin, in some cases being less than 3 cm thick. All latt ices had a bottom 
reflector consisting of an inhomogeneous mixture of D2O and aluminum 
structural mate r ia l s , and no top reflector (except for the forest of fuel rods 
above the level of the D2O). 

The experimental work on all of the flux-trap lattices will be reported 
in detail in Reference 4. In the following sections, calculations relating to 
the latt ices with THUD fuel and 2ao spacing, THUD fuel and 6ao spacing, and 
B and W fuel will he described. 

II. CALCULATIONS FOR THUD FUEL WITH 2ao SPACING 

A. Heavy Water Flux Traps 

Calculations were made for the 2ao lattices with THUD fuel and 
D2O flux t raps , by means of two-group, one-dimensional diffusion theory 
with the RE-6 code'^) on UNIVAC. For each set of radial dimensions used, 
the calculations were repeated with two values of axial buckling c o r r e s 
ponding to values of H differing by 15 cm, where H is the cri t ical height. 
The reactivit ies were then found from 1 - ( l / F ) , where F is given in the 
output as the number by which k ^ m u s t be divided to make the reactor cr i t 
ical. Then the calculations were done a third time with axial bucklings 
interpolated from the first two on the assumption that the reactivity var ia
tion with height is proportional to l/H^. In all cases , the third calculation 
yielded a value of F differing from unity by less than 0.001. 

Table I l is ts the constants which were used in the UNIVAC calcula
tions. The inner reflector was assumed to consist of 98% D2O and 2% HjO, 
whereas the outer reflector was taken to be 97% D2O, 2% H2O, and 1% Al to 
allow roughly for the Al control rod guides. A value of 105 cm was used 
for the outer radius of the reactor . Note that the two-group age in both 
reflectors was assumed to be 200 cm^.("'7) 



Table I 

MATERIAL CONSTANTS USED IN THE THUD 
2ao CALCULATIONS 

Core Inner Reflector Outer Reflector 

T(cm^) 

L^(cm^) 

Di(cm) 

D2(cm) 

P 

koo 

B2(cm-^) 

158.4 

17.688 

1.315 

0.8340 

0.8577 

1.3653 

2.0102x10"^ 

200 

1856 

1.251 

0.7774 

1 

0 

200 

1445 

1.260 

0.7830 

1 

0 

In Table II a re listed the inner core radii Rj, outer core radii R2, 
cri t icali ty constants F , and heights H for the problems run with UNIVAC. 
Problem 0 refers to the bare core with dimensions such that the ratio of 
center flux to total power is maximized. The outer radii of 31.1 and 
44.5 cm correspond to values used in the experiments. 

Table II 

CRITICALITY DATA FOR THUD 2ao CALCULATIONS 
WITH D2O FLUX TRAPS 

Problem 
No. 

0 
1 
2 
3 
4 
5 
6 
7 
8 

9 

Ri (cm) 

0 
0 
4.5 
9.0 
12.0 
15.0 
18.0 
18.0 
24.0 

30.0 

R2(cm) 

65.69 
31.1 
31.1 
31.1 
31.1 
31.1 
31.1 
44.5 
44.5 
44.5 

F 

1 
1.000333 
0.999521 
0.999637 

0.999699 
1.000138 
0.999958 
1.000637 
1.000220 
0.999035 

H(cm) 

121.4 
128.0 
127.7 
129.4 
132.6 

139.0 
150.1 
104.0 
112.5 
129.2 

Figure 1 is a sketch of the shapes of the fast and thermal fluxes 
for a typical case. In Table III are given the values of the fluxes, which 
are denoted by the le t ters A through H on Figure 1. The fluxes G and H 



were taken to be at mesh points rather than where the exact minima and 
maxima occur. No significance should be attached to the normalization 
used in Table III. 

REGION 1 
FLUX TRAP 

yi / 

y \ 

Q. 

REQIOH 2 
CORE 

/ " X FAST 

\FLUX 

) \ 

(_ 

\ THERMAL 

\ FLUX C 

REGION 3 
OUTER REFLECTOR 

Wv 

DISUNCE FIIW KUCTOII AXIS 

F I G . I 

SKETCH OF THE FLUX SHAPES FOR 2 a , LATTICES 

Table III 

FLUXES FOR THUD 2a„ LATTICES WITH DjO FLUX TRAPS 

Fas t Fluxes Thermal Fluxes 

P r o b l e m 

1 
2 
3 
4 
5 
6 
7 
8 
9 

B 

137.000 77,259 
127.489 131.131 77.615 
111.521 124.500 79.604 
100.049 121.088 82.337 

89.254 119.120 86.423 
78.726 117.408 91.925 
87.960 135.354 86.829 
66.787 135.025 

20.028 31.133 18.571 47.676 
30.892 
49.639 
63.699 
78.615 

25.838 
32.000 
35.514 
39.103 

31.362 
32.360 
32.653 
35.944 

18.736 
19.590 
20.894 
23.233 

47.923 
49.435 
51.561 
55.118 

93.599 42.899 39.404 27.309 60.341 
99.958 45.740 33.241 20.964 49.852 

98.008 124.744 50.520 38.309 24.430 58.184 
52.369 142.022 115.203 152.782 58.026 47.168 32.414 72.295 

file:///flux


We turn now to considerations of the magnitudes of the central 
thermal fluxes when the limitations are maximum power density or total 
power. Since about 195 Mev of useful energy is produced per fission and 
one megawatt-sec equals 6.242 x lO'* Mev, the power density is given by 

195Zf* j ^ ^ Zf* j^„ 

6.242 X 10'* cm^ 3.2 x 10'' cm^ 

where 2f is the macroscopic fission cross section and <t> is the thermal 
flux. Thus for a bare reactor, the ratio of the central flux to maximum 
power density is given by (3.2 x 10'^)/Zf, whereas for a flux-trap reactor 

/ 3 . 2 X 1 0 " \ / $2(0) \ , > 
this ratio is I = I L. ^' ' 1 , where $2(0) is the thermal flux at the 

center of the reactor and 't'2CM '•^ ^^^ maximum thermal flux in the core. 
The ratio of central flux to total power for a bare cylindrical reactor is 

. n b y p - ^ " l ° ' ' W ^ M - W ^ - \ , 

ctor and H its height. For a fli 

/ 3 . 2x lO'̂ N /-t2(0)\ / 1 

I " 2f ; V^2c/ U(Rz'- R̂  

given by f I I ^p— ] I — ] , where R is the radius of the 

reactor and H its height. For a flux-trap reactor the corresponding ratio 

2— J , where $2C ®̂ ' ^ ^ average thermal 

flux in the core. Note that for a bare reactor the ratio of central flux to 
total power is proportional to l/(R^H). Thus R and H can be chosen to 
maximize this ratio under the restriction that 

B̂  = ^ ' + A . 

Ĥ  R2 

This gives 

H = v ^ 7TR/JOI 

and 

(hAJLl2ll]l ^ ] -. f ^ l iL iO^^ (0.024533B3) 
V ^f / V6^/3 7TJ0lJl(J0l)/ V Sf / 

as the maximum value of the ratio of central flux to total power. 

In Table IV are given flux ratios and power-limited fluxes for the 
2ao lattices. In this table, I2^Q is the integral of the thermal flux over the 
core volume, R is the value of <t>2(0)/l2C divided by the corresponding value 
for a bare reactor of optimum dimensions, and other symbols have been 
defined previously. The central flux is given for a maximum power density 



of 100 watts and for a total power of 100 Mw. These values have no great 
significance and are merely used to yield definite numbers for the central 
fluxes rather than numbers involving power as a factor. They were also 
used by Ergen(^) in his study of spherical flux-trap reactors with very thin 
cores . 

Table IV shows that the flux-trap reactors with small flux-trap 
radius have a smaller central flux than a bare reactor if maximum power 
density is the limitation considered. This is due to the fact that little 
peaking takes place in a flux trap of small radius. For this reason the 
peaking in the core near the boundary between the core and the outer r e 
flector becomes more significant. However, the ratio 'f2('')/^2CM 
increased steadily with flux-trap radius over the range of radii considered 
and reached a value of 2.633 for an internal radius of 30 cm. 

T a b l e IV 

F L U X R A T I O S A N D P O W E R - L I M I T E D F L U X E S F O R 2ao L A T T I C E S 
W I T H D2O F L U X T R A P S 

P r o b - '^'2(0) ^2(0) ' 2 C *2(0)* *z (0 )** 

l e m * 2 C M <t>2C ( c m - ' x l O - ' ) R [ n / ( c m ^ ) ( s e c ) x l O " ] [ n / ( c m ^ ) { s e c ) x lO'*] 

4 
5 
6 
7 
8 

9 

1,794 
2 .010 
2 . 1 8 2 
2 .185 

2 . 4 6 9 
2 . 6 3 3 

4 . 0 7 0 
4 , 5 2 7 
4 672 
6 ,271 
6 , 6 3 8 
6 ,262 

11 .87 
13 .97 
15 .40 

1 1 . 5 9 
1 3 . 3 7 
1 4 . 2 8 

2 , 3 2 8 
4 , 0 6 9 
6 ,296 
9 ,981 

12 ,50 
14 .71 
1 6 . 2 2 
12 .20 
14 . 08 
1 5 . 0 4 

1 3 ,6381 2 ,2111 1 1,053 
0 , 6 4 3 3 1.503 3 ,864 1,748 0 . 6 7 7 4 
0 9 8 5 0 2 . 2 7 1 5 .979 2 . 7 0 4 1,037 
1,534 3 ,415 9 ,479 4 , 2 8 7 1,615 

5 ,368 1,889 
6 318 2 ,117 
6;965 2,298 
5 ,242 2 . 3 0 1 
6.047 2.600 
6,458 2,773 

•maximum power density = 100 watts /cm^ 

**total power - 100 Mw 

The ratio of the central flux for the flux-trap reactor to the central 
flux for a bare reactor of optimum dimensions in the total power-l imited 
case is 1.748 for the reactor with external reflector only and core radius 
31.1 cm, and increases rapidly as the flux-trap radius is increased. Of 
course, both inner and outer reflectors contribute to this increase , whereas 
the outer reflector can be a hindrance in the power-density-l imited case. 

Table V gives the neutron inventory for a typical 2ao latt ice, namely, 
that of Problem 7. 



Table V 

NEUTRON INVENTORY FOR A TYPICAL 2a„ LATTICE 
WITH DjO FLUX TRAP 

Fast Neutrons 

Region 

1 
2 
3 

Total 

Region 

1 
2 
3 

Total 

Source 

0 
1 
0 

1 

Source 

0.07222 
0.47946 
0.22615 

0.77783 

Total 
Removals 

0.07222 
0.55901 
0.22615 

0.85738 

Absorp
tions 

0.00324 
0.62862 
0.03857 

0.67043 

Total 
Leakage 

-0.07222 
0.44099 

-0.22615 

0.14262 

Thermal Neut 

Total 
Leakage 

0.06898 
-0.14916 

0.18758 

0.10740 

Axial 
Leakage 

0.01318 
0.08080 
0.04127 

0.13525 

rons 

Axial 
Leakage 

0.00549 
0.01015 
0.05086 

0.06650 

Radial 

Inner 
Radius 

0 
0.08540 

-0.27479 

0.1 

Radial 

Inner 
Radius 

0 
-0.06349 

0.09582 

Leakage 

Outer 
Radius 

-0.08540 
0.27479 
0.00737 

J0737 

Leakage 

Outer 
Radius 

0.06349 
-0.09582 

0.04090 

0.04090 

The cri t ical dimensions calculated for the 2ao lattices are in reason
able agreement with the experimental ones which will be reported in Ref
erence 4. Of course, the value of H in the UNIVAC problems is to be 
compared with the experimental core height plus the axial reflector savings. 
The calculated thermal fluxes differ somewhat from the ones obtained by 
foil activation in that there is a tendency for the theoretical thermal fluxes 
to be higher than the experimental in the outer reflector and lower than the 
experimental at the flux-trap center. It is possible that the use of different 
reflector constants could improve this situation. Perhaps the value of 
200 cm^ used for the age in both reflectors is too high, and also the values 
used for ll in the reflectors may not be very accurate. The values of L 
depend strongly on light water impurity and, in the case of the outer r e 
flector, on the inhomogeneity due to the presence of Al control rod guides. 
However, because of limitations on machine time, no calculations were 
done with different reflector pa ramete r s . 

B. Light Water Flux Traps 

For the 2ao lattices with HjO flux trap, calculations were performed 
using the RE-122 code on the IBM-704 computer. This code is essentially 
the RE-6 UNIVAC code rewrit ten for the 704. In rewriting the code, pro
vision was made for iteration on axial buckling to make the reactor cri t ical . 
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Thus it was necessary to do only one problem for a given set of radial 
dimensions. The convergence cr i ter ion used was such that F should 
differ from unity by less than 0.0005. 

The core and outer reflector constants used in the RE-122 prob
lems were those given in Table I. For the inner H2O reflector the values 
T = 33 cm^ 1} = 8.025 cm^, Dj = 1.19 cm, and Dj = 0.1581 cm were 
used. Experimental inner core radii calculated by assigning the a rea of 
a unit cell to each fuel rod are a little larger than the inner radius of the 
Al thimble. In general , the core was considered to extend right up to the 
inner Al thimble radius in the RE-122 calculations, although in problem 6 
below, a thin D2O region having the constants of the inner reflector in 
Table I was inserted between the flux t rap and core. Otherwise problem 6 
is the same as problem 5. Table VI l ists the inner and outer flux trap 
radii Rj and R2 of the RE-122 problems along with the converged values 
of F and corresponding heights H. The two values of Rj in problem 6 
refer to the inner and outer radii of the above-mentioned thin D2O region. 

Table VI 

WITH H2O FLUX TRAPS 

Problem 
No. 

1 
2 
3 
4 
5 
6 

Rl (cm 

0 
2.54 
5.08 
5.08 
3.175 

3.175, 4. 

) 

36 

R2 (cm) 

27.61 
27.61 
30.50 
29.04 
27.61 
27.61 

F 

1.000457 
0.999979 
1.000432 
1.000061 
1.000217 
1.000132 

H (cm) 

148.2 
145.5 
140.1 
149.8 
147.0 
148.6 

Table VII for the H2O flux t raps is analogous to Table III for the 
D2O flux t raps , and also the notation of Figure 1 is used in specifying the 
fluxes. The two values of B and E for problem 6 correspond to the inner 
and outer radii of the thin D2O region. 

Table VIII gives the same quantities for H2O flux t raps as are given 
in Table IV for D2O flux t raps . The notation in the two tables is identical. 

The maximum value of <I>2(0)/*2CM in Table VIII is 2.753 for prob
lem 3, which is a little higher than the highest value, 2.633, for the DjO 
flux t raps of Table IV. Also, the ratio of central flux for the f lux-trap 
reactor to central flux for a bare reactor of optimum dimensions in the 
total power limited case attains a value of 8.371 in problem 4, which is 
higher than the highest value obtained for the DjO flux t raps studied, 
namely, 6.965. 
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Table VII 

FLUXES FOR THUD 2ao LATTICES WITH 
H,0 FLUX TRAPS 

P r o b 
l em 

1 
2 
3 
4 
5 
6 

A 

Fas t Fluxe£ 

B 

128.95 
1613.5 
1030.5 
1107.1 
1512.3 
1449.2 

1694.5 
1245.6 
1337.7 
1631.8 
1563.6 
1639.8 

C 

75.875 
1077.5 
897.39 
980.24 
1072.9 
1080.6 

Th. 

D E 

18,923 
883,16 440,59 
1190.7 432,54 
1279.7 465.30 
1062.8 470.04 
1081.6 535.03 

448,26 

e rmal Fluxes 

F 

31.683 
449.00 
370.00 
409.42 
447.78 
451.83 

G 

18.212 
262,25 
216.59 
238.07 
261.89 
264.59 

H 

48,794 
689.66 
570,80 
634,02 
688,63 
695,63 

Table VIII 

FLUX RATIOS AND POWER-LIMITED FLUXES FOR 2ao LATTICES 
WITH H,0 FLUX TRAPS 

l e m 

1 

2 
3 
4 
5 
6 

*2(0) 

*2CM 

0,5973 
1,967 
2.753 
2,750 
2.261 
2,394 

«2(0) 

* 2 C 

1,420 
4,545 
7,328 
7.121 
5,441 
5,472 

*2(0) 

l2C 

( c m - ' x l O - ' ) 

4,000 
13,15 
18,42 
18,51 
15,66 
15,78 

R 

1,809 
5.948 
8,328 
8,371 
7.083 
7.135 

*,(0)* 
[n/(cm^)(sec) 

0 6290 
2,071 
2,899 
2,896 
2,381 
2,521 

xlO'*] [n/(c 

*2(0 )** 

;m^)(sec)xlO' ' ' ] 

4,212 
13.85 
19.39 
19.49 
16.49 
16.61 

•Maximum power density - 100 w a t t s / c m 

**Total power = 100 Mw 

The n e u t r o n i nven to ry for p r o b l e m 3 is given in Tab le IX. 

C r i t i c a l he igh t s c a l c u l a t e d for the 2ao l a t t i c e s with l ight w a t e r flux 

t r a p s a r e not in v e r y good a g r e e m e n t with the e x p e r i m e n t a l va lues . (9 ,4 ) 

The c a l c u l a t i o n s p r e d i c t m u c h l o w e r c r i t i c a l he igh t s r e l a t i v e to the r e 

a c t o r with no flux t r a p ( p r o b l e m 1) than a r e found e x p e r i m e n t a l l y . P e r 

h a p s s o m e of the difficulty i s due to the u s e of diffusion t h e o r y , which 

m i g h t be e x p e c t e d to be poor n e a r the i n t e r f a c e be tween c o r e and flux 

t r a p , at which the r e a c t o r c o m p o s i t i o n changes so d r a s t i c a l l y , as does the 

s lope of the t h e r m a l flux. 
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Tab le IX 

Tota l 

WITH H2O F L U X T R A P 

F a s t N e u t r o n s 

Region 

1 
2 
3 

Source 

0 
1 
0 

To ta l 
R e m o v a l s 

0.06112 
0.53843 
0.31968 

T o t a l 
L e a k a g e 

-0 .06112 
0 .46157 

-0 .31968 

Axia l 
L e a k a g e 

0.00101 
0.04292 
0.03217 

R a d i a l 

I nne r 
Rad ius 

0 
0.06213 

-0 .35652 

L e a k a g e 

O u t e r 
Rad ius 

-0 .06213 
0.35652 
0.00467 

0.91923 0.08077 0.07610 0.00467 

T h e r m a l N e u t r o n s 

Region 

1 
2 
3 

Source 

0.06112 
0.46181 
0.31968 

A b s o r p 
t ions 

0.02475 
0.62849 
0.07576 

To ta l 
L e a k a g e 

0.03637 
-0 .16668 

0.24392 

Axia l 
L e a k a g e 

0.00010 
0.00559 
0.05509 

R a d i a l 

I n n e r 
Rad ius 

0 
-0 .03627 

0.13600 

L e a k a g e 

O u t e r 
Rad ius 

0.03627 
-0 .13600 

0.05283 

To ta l 0.84261 0.72900 0.11361 0.06078 0.05283 
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III. CALCULATIONS FOR THUD FUEL WITH 6ao SPACING 

For the 6ao lattices, calculations were done analytically using a 
For t ran program, RE 240,* for the IBM-704. This program uses two-
group diffusion theory for an annular core with an inner reflector but no 
outer reflector. The equations which were used in writing the program 
along with a description of the input and output a re given in the Appendix. 

Material constants used in the RE-240 calculations are listed in 
Table X. Note that the calculations were done for an inner reflector with 
either 2% HjO impurity or pure DjO, and also with a reflector age of 
200 cm^ or a calculated value. 

Table X 

MATERIAL CONSTANTS USED IN THE THUD 6a„ CALCULATIONS 

Inner Ref lector 

T(cm') 
L^ (cm') 
D, (cm) 
Dj (cm) 
P 
kcc 
B' ( cm- ' ) 

C o r e 

1. 

150.7 
173.1 
1,266 
0.794 

0.9852 
1.4130 

1660x 10" ' 

2% 

Case I 

2 0 0 

1856 
1.251 

0.7774 
1 

0 

H j O 

Case II 

122 

1856 
1.251 

0.7774 
1 

0 

Pure 

Case III 

2 0 0 

3 x 1 0 " 
1.251 

0.8418 
1 

0 

D^O 

Case IV 

127 

3 x 1 0 " 
1.251 

0.8418 
1 

0 

Table XI contains the cri t ical dimensions for the problems rtin for 
all four cases of inner reflector constants given in Table X. In Table XI, 
Rj and R2 are the inner and outer core radii, respectively, and H is the 
height. Problem 00 refers to the bare reactor with crit ical dimensions 
v/hich yields the maximum ratio of central flux to total power. 

Table XI 

CRITICAL DIMENSIONS FOR THUD 6a„ CALCULATIONS 

R, (cm) 

Problem 

00 

0 
1 
2 
3 
4 

R2 (cm) 

86.25 
105 
105 

105 

105 

105 

H (cm) 

159.36 
124.04 
126.89 
132.25 
141.42 
160.11 

Case I 

0 

0 
9.15 

15.21 
21.45 
28.94 

Case II 

0 

0 

9.82 
15.81 
21.93 
29.31 

Case III 

0 

0 

10.41 
17.27 
24.32 
32.80 

Case IV 

0 

0 

11.33 
18.15 
25.11 
3 3 . 5 0 

36.30 36.59 41.17 41.81 

*Written by J. Rathbun, student aide in Reactor Engineering Division 
during summer of 1960. 
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In Table XII the values of fluxes from the RE-240 output for al l 
four sets of reflector constants a re given. The notation A, B, D, E for the 
fluxes is the same as used in Figure I and Table III. For Problem 00 and 0, 
A = B = 368.37 and D = E = 553.03. 

Table ZU 

FLUXES FOfi THUD 63^ LATTICES 

P r o b l e m 

1 
I 
3 
4 
5 

Prob lem 

1 
2 
3 
4 
5 

A 

271.00 

195.41 

134.85 

85.257 

54.599 

A 

256.85 

176.30 

115.39 

68.36? 

40.829 

B 

303,79 

263,55 

23<1.S1 

212.16 

198.74 

0 

598.70 
612,39 
606.88 
587.42 
569.06 

Case i n 

B 

297,42 
257.40 
230.02 
209.52 
195.82 

D 

621.10 
650.05 
659.65 
661,56 
672.61 

£ 

565.94 
552.06 
531.12 
509.01 
495.33 

E 

578.09 
569.90 
554.30 
538,76 
531,67 

A 

228,82 
146,49 
89.640 
48.980 
27.084 

A 

211.39 
127.73 
73.660 
37.463 
19.182 

B 

280.09 
238,35 
210.85 
190.48 
178.24 

D 

656.37 
678.26 
665,46 
630.53 
597.02 

Case W 

B 

273.04 
233.13 
207.97 
189.53 
177.87 

D 

681.58 
714.31 
713.86 
699.75 
696,67 

E 

597.45 
585.29 
561,68 
535,88 
519,33 

E 

610.37 
602,09 
583.26 
564.11 
554.15 

Table XIII gives the same quantities relating to power considerations 
for the 6ao lattices as were given in Table IV for the ZaQ latt ices. 

Table x m 

FLUX RATIOS AND POWER-LIMITED FLUXES FOR 6an LATTICES 

Problem 

00 
0 

1 

z 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
S 

1 
2 
3 
4 
5 

* J 0 1 

*2CM 

1 
1 

1.058 
1.109 
1.143 
1.154 
1.149 

1.099 
1.159 
1.185 
1.177 
1.150 

1.074 
1.141 
1.190 
1.228 
1.265 

1.117 
1.186 
1.224 
1,240 
1.257 

*^(01 

* 2 C 

3,638 
3.638 

3.939 
4.029 
3,992 
3.864 
3.774 

4.318 
4.462 
4.378 
4.148 
3.928 

4.086 
4.276 
4,340 
4.352 
4,425 

4.484 
4.699 
4.696 
4.603 
4.583 

*-(OI 
- ^ ( c m " ^ x l 0 " f | „ 
'2C ^ 

0.9768 
0.8468 

0.9031 
0.8984 
0.8505 
0.7541 
0.6240 

0.9911 
0.9967 
0.9346 
0,8112 
0,6561 

0.9389 
0.9594 
0.9362 
0.8696 
0.7674 

1,032 
1.057 
1.017 
0,9241 
0.7993 

1 
0.8669 

Case I 

0.9245 
0.9197 
0.8707 
0.7720 
0.6388 

Case I 

1.015 
1.020 
0,9568 
0.83O5 
0.6717 

Case HI 

0,9612 
0.9822 
0.9584 
0.8903 
0.7856 

Case nr 

1.057 

1.082 

1.041 

0.9460 

0.8183 

* 2 ( 0 ) * 

U(cm^l(secJxlo"] 

12.02 
12.02 

12.71 
13,32 
13,73 
13.87 
13.81 

13,20 
13.93 
14,24 
14.14 
13.82 

12.90 
13.71 
14.30 
14.75 
15,20 

13.42 
14.25 
14.71 
14,90 
15.10 

( t ^ lO I " 

[n/(cm^l(sec)xlo'*] 

11.74 
10.17 

10.85 
10.79 
10.22 
9,061 
7.497 

11.91 
11.98 

9,747 
7.883 

9.220 

9,604 

•Maximum power density - 100 walls/cm 

"Tolal power ' 100 Mw, 
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F o r the 6ao f l u x - t r a p r e a c t o r s , the peaking in the flux t r a p was 
not v e r y g r e a t , and the l a r g e s t va lue of '^zW/^zCM for 3-ny of the c a s e s 
s t u d i e d was 1.265. However , for the p o w e r - d e n s i t y - l i m i t e d c a s e , 
l a r g e r v a l u e s of c e n t r a l flux a r e p o s s i b l e than for the 2ao l a t t i c e s . 
Th i s i s b e c a u s e the m a x i m u m flux is i n v e r s e l y p r o p o r t i o n a l to the 
m a c r o s c o p i c f i s s ion c r o s s s ec t i on , which is over ten t i m e s as l a r g e 
for the 2ao c o r e a s for the ba^ c o r e . Thus the m u c h b e t t e r peaking 
in the 2ao c a s e does not c a n c e l the effect of the s m a l l e r f i s s ion c r o s s 
s e c t i o n of the 6ao c o r e when power d e n s i t y is the l imi t ing c o n s i d e r a t i o n . 

F o r the t o t a l - p o w e r - l i m i t e d c a s e , the c e n t r a l flux was l e s s 
than that for the b a r e r e a c t o r of o p t i m u m d i m e n s i o n s in m o s t of the 
6ao p r o b l e m s s tud ied . In the c a s e of the 2ao l a t t i c e s , the i m p r o v e 
m e n t ove r the o p t i m u m b a r e l a t t i c e was a l m o s t by a fac tor of 
s even in one p r o b l e m . However , th i s c o m p a r i s o n is not e n t i r e l y 
fair to the 6ao l a t t i c e s . The l a t t i c e s s tud ied in the 6ao c a s e had 
c o r e s which w e r e s o m e w h a t " s h o r t e r and f a t t e r " than the o p t i m u m 
d i m e n s i o n s , a s can be s e e n by c o m p a r i n g v a l u e s of R^ and H for 
p r o b l e m s 00 and 0 in Tab le XI. A l s o , ' the 2ao l a t t i c e s had ou te r 
r e f l e c t o r s , which he lp to i n c r e a s e the c e n t r a l flux in the t o t a l -
p o w e r - l i m i t e d c a s e , w h e r e a s the 6ao l a t t i c e s w e r e e x t e r n a l l y b a r e . 
N e v e r t h e l e s s , the m u c h m o r e highly a b s o r b i n g 2ao c o r e p r o d u c e s 
m u c h l a r g e r flux g r a d i e n t s a t the c o r e b o u n d a r i e s than the 6aQ 
c o r e . The b e s t 2ao l a t t i c e s s tud ied h e r e have a h ighe r c e n t r a l flux 
in the t o t a l - p o w e r - l i m i t e d c a s e than the b e s t 6ao l a t t i c e s in sp i t e 
of the fact tha t the 6ao l a t t i c e s a r e f avored by a fac tor l a r g e r than 
ten in the f i s s ion c r o s s s e c t i o n s . 

The n e u t r o n i n v e n t o r y for P r o b l e m 3 of the 6ao l a t t i c e s i s 
g iven in Tab le XIV. 

Table XBT 

NEUTRON INVENTORY FOR A TYPICAL fia^ LATTICE 

Source 

0 
1 
1 

i 
ill 

Total 
Removals 

0.03159 
0,82475 
0.85634 

Absorp
tions 

0.00665 
0,69726 
0.70391 

Case I 

Fast Neutrons 

Total 
Leakage 

-0.03159 
0.17525 
0.14366 

Thermal Neutrons 

Total 
Leakage 

0.02494 
0.11528 
0.14022 

Axial 
Leakage 

0.00312 
0,06134 
0.06446 

Axial 
leakage 

0.OO610 
0.05956 
0.06566 

Radial Leakage 

Inner Outer 
Radius Radius 

0 -0.03471 
0.03471 0.07920 

0.07920 

Radial Leakage 

Inner Outer 
Radius Radius 

0 0.01884 
-0.01884 0.07456 

0.07456 
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Source 

0 
1 
1 

Source 

0.04329 
0.80242 
0.84571 

Source 

0 

1 

Source 

0.03816 
0.80448 
0.84264 

Source 

0 
1 
1 

Source 

0.05104 
0.79315 
0.84419 

Total 
Removals 

0.04529 
0.81447 
0.85776 

Absorp
tions 

0.00756 
0,69726 
0.70482 

Total 
Removals 

0.03816 
0.81657 
0,85473 

Atjsorp-
tions 

0,00062 
0.69726 
0.69788 

Total 
Removals 

0.05104 
0.80507 
0.85611 

Absorp
tions 

0.00071 
0.69726 
0.69797 

Table XUICont'd.) 

Case n 

Fast Neutrons 

Total 
Leakage 

-0.04329 
0.18553 
0.14224 

Thermal Neutrons 

Total 
Leakage 

0.03573 
0.10516 
0,14089 

Case m 

Fast Neutrons 

Total 
leakage 

-0,03816 
0.18343 
0.14527 

Thermal Neutrons 

Total 
Leakage 

0.03754 
0,10722 
0.14476 

Case W 

FasI Neutrons 

Total 
Leakage 

-0.051O4 
0.19493 
0.14389 

Thermal Neutrons 

Total 
Leakage 

0.05033 
0,09589 
0.14622 

Axial 
Leakage 

0.00261 
0.06057 
0.06318 

Axial 
Leakage 

0.0O692 
0.05956 
0.06648 

Axial 
Leakage 

0.00377 
0.06073 
0.06450 

Axial 
Leakage 

0.00918 
0.05956 
0.06874 

Axial 
Leakage 

0.00320 
0,05987 
0,06307 

Axial 
Leakage 

0.01056 
0.05956 
0.07012 

Radial Leakage 

Inner 
Radius 

0 
0.04590 

1 

Rad 

Inner 
Radius 

0 
-0.02881 

3,07906 

Outer 
Radius 

-0,04590 
0.07906 

lal Leakage 

D.07441 

Outer 
Radius 

0.02881 
0.07441 

Radial Leakage 

Inner 
Radius 

0 
0.04193 

1 

Rad 

Inner 
Radius 

0 
-0.02836 

' 

0.O8077 

Outer 
Radius 

-0.04193 
0.08077 

iai Leakage 

0,07602 

Outer 
Radius 

0,02836 
0.07602 

Radial Leakage 

Radius 

0 
0.05424 

0.08082 

Outer 
Radius 

-0.05424 
0.08082 

Radial Leakage 

Inner 
Radius 

0 
-0.03977 

0.07610 

Outer 
Radius 

0.03977 
0.07610 

Critical dimensions calculated for the 6ao lattices with L^ = 1856 cm^ 
in the reflector are in fair agreement with experimental values, although 
the maximum flux-trap radius studied experimentally was less than the 
radii of Problems 4 and 5. Since the thermal flux in the flux t rap is peaked 
only a little over the JQ shape of a bare reactor, the flux shapes do not 
provide much opportunity to compare theory and experiment. 
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IV. T W O - G R O U P T R E A T M E N T O F A C R I T I C A L SLAB 
R E A C T O R STRESSING T H E CASE F O R WHICH k ^ < l 

An i n t e r e s t i n g f e a t u r e of the lao l a t t i c e s wi th B and W fuel i s the 
fact t ha t , b e c a u s e of v e r y high r e s o n a n c e a b s o r p t i o n , the va lue of k^^ is 
l e s s t h a n un i ty . It i s c o m m o n l y b e l i e v e d tha t i t i s not p o s s i b l e to bui ld a 
c r i t i c a l r e a c t o r hav ing a c o r e wi th k ^ < l . H o w e v e r , t h i s s t a t e m e n t i s t r u e 
only for a b a r e r e a c t o r . If a r e f l e c t e d r e a c t o r h a s a c o r e with koo < 1 , but 
k o o / p > l , it m a y be p o s s i b l e for it to be c r i t i c a l . Using t w o - g r o u p t h e o r y 
for a s l a b r e a c t o r wi th an in f in i t e ly t h i c k r e f l e c t o r on both s i d e s of the 
c o r e , a s tudy h a s b e e n m a d e of the v a r i a t i o n of the r e s o n a n c e e s c a p e 
p r o b a b i l i t y p wi th c o r e h a l f - t h i c k n e s s H n e c e s s a r y to m a k e the r e a c t o r 
c r i t i c a l . I l l u s t r a t i v e n u m e r i c a l c a l c u l a t i o n s have b e e n p e r f o r m e d for the 
c a s e in which the p e r p e n d i c u l a r buck l ing is z e r o . F o r the c a s e in which koo < 1 > 
the va lue of p i n c r e a s e s r a p i d l y f r o m z e r o a s H i n c r e a s e s , r e a c h e s a 
m a x i m u m , and s lowly d e c r e a s e s to an a s y m p t o t i c va lue a s H-~-'=°. Thus for 
a c e r t a i n r a n g e of p v a l u e s , t h e r e a r e two c r i t i c a l v a l u e s of H. T h i s b e 
h a v i o r can be e x p l a i n e d p h y s i c a l l y a s fo l lows . F o r v e r y th in c o r e s , p i s 
s m a l l and koo/p is l a r g e , s i n c e a l a r g e p e r c e n t a g e of n e u t r o n s p r o d u c e d 
a r e a b s o r b e d in the r e f l e c t o r . As the c o r e b e c o m e s t h i c k e r , t h i s effect 
b e c o m e s l e s s i m p o r t a n t and so p i n c r e a s e s . Of the n e u t r o n s t h e r m a l i z e d 
in the c o r e , only koo(<l) a r e t h e r m a l i z e d for e a c h t h e r m a l n e u t r o n a b s o r b e d 
in the c o r e . T h u s a c o n s i d e r a b l e f r a c t i o n of the fas t n e u t r o n s p r o d u c e d in 
the c o r e m u s t be t h e r m a l i z e d in the r e f l e c t o r and l eak b a c k to the c o r e to 
m a i n t a i n c r i t i c a l i t y . As the c o r e ge t s t h i c k e r , a s m a l l e r f r a c t i o n of n e u 
t r o n s a r e t h e r m a l i z e d in the r e f l e c t o r , and so p d e c r e a s e s and koo/p in 
c r e a s e s to s u s t a i n c r i t i c a l i t y . At f i r s t it m igh t be thought that p would 
d e c r e a s e to z e r o a g a i n for v e r y l a r g e H, s i n c e only a s m a l l p a r t of the c o r e 
is n e a r the r e f l e c t o r . H o w e v e r , the t h e r m a l flux i n c r e a s e s exponen t i a l l y 
f r o m the c e n t e r of the c o r e , and so a r e a s o n a b l e n u m b e r of n e u t r o n s a r e 
p r o d u c e d n e a r enough to the c o r e b o u n d a r y to s low down in the r e f l e c t o r 
e v e n for v e r y l a r g e H. T h u s , if H is l a r g e , p a p p r o a c h e s a f ini te a s y m p 
to t i c va lue r a t h e r than z e r o . The t h e o r y u s e d for t h e s e c o n s i d e r a t i o n s is 
g iven in the fo l lowing p a r a g r a p h s . 

We s t a r t wi th the u s u a l t w o - g r o u p diffusion equa t ion for c o r e and 
r e f l e c t o r , n a m e l y . 

Die t Die 
- ^ (1 + T c B i ) 0 , c + ^ ^ * 3 C = 0 (1) 
Tr. P Lr-

d^0ic 

dx^ 

d 02C 

dx^ 

pDic 
- ^ (1 + L^ B 1 ) 0 2 C + — — 0 1 C = 0 (2) 

-"20 



U i r 

D2r 

<i '0ir 

dx^ 

d 02r 

dx^ 

^ ^ (1 + T ^ B i ) 0 i r = 0 (3) 
T r 

D2r , , Dl r 
- — (1 + L], B i ) 0 2 r + — - 0,r = 0 (4) 
L j . ' r 

w h e r e the no ta t ion is s t a n d a r d . The s o l u t i o n s of t h e s e e q u a t i o n s , which 
have z e r o s lope at the m i d d l e of the c o r e (x = 0) and v a n i s h for x—»oo, 
a r e : 

01C = AX + CY 

02C = SiAX + SzCY 

0 i r = F Z i 

02r = S j F Z i + GZ2 

w h e r e 

X 

Y 

Z i 

Z2 

1̂  

m'^ 

= 
= 

= 

= 

= 

= 

cos Ix 

cosh m x 

e - P i x 

e-P2X 

[1 - B^ 

2 . 12 2 

V + Bj_ 

pt = 1 / T J . + B | , 

p | = l/L^r + B | , 

pDic 
Si = 7 1 -

T,D2C - + M 

s.- ^° 

-(i-^' 
T . D rJ-'2r 

1 1 \ ' 
L'^ T 

and /I and v a r e def ined in the append ix . 
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The c r i t i c a l d e t e r m i n a n t is found f r o m the u s u a l cond i t ions that 

n c - 'PIT 

*2C = 02r 

a n d 

„ d 0 i c ^ d 0 i r 

<i02c d02r 
Dae - ^ - D 2 r ^ ^ 

with a l l func t ions be ing e v a l u a t e d at x = H. In o r d e r to s impl i fy the 
f o r m u l a e , we t ake 

= D, 

a n d 

Then the c r i t i c a l d e t e r m i n a n t m a y be eva lua t ed and w r i t t e n as fo l lows: 

(m tanh mH +.^tan.^HI-

r / l _ L? P 2 \ ( \} 1 P2\ l l | . > - . 2 l | r ^ 2 | l | . r . 2 l | r ; . 2 1 
mlantiniH- r* S " ^ -J- - £an£H[ "^ , , *- s ^ . Im lanh mHIUIan;HI-:^-r r ^ ^ ^ * - ^ - ; ^^-^P2 151 

[ \l*rii' r ( l»L2; ,2 | P] / ^11 t L^^'l I ^ T ^ " ^ tj k^^Pi k„i- "\ 

The above equa t ion w a s u s e d in n u m e r i c a l c a l c u l a t i o n s for B_L = 0. 
For B | = 0 and kco<l , i t an i H b e c o m e s - a tanh aH with H = jd - - a. , 
w h e r e a i s p o s i t i v e . A l s o , X b e c o m e s cosh a x . The behav io r of p as a 
funct ion of H for kooCl h a s been d e s c r i b e d above . F o r Bx = 0 and kco = 1, 
ji = 0 and p is g iven by 

( v t a n h vH) 

p (Bt = 0, kc 
Lj. + -/T 

(v t anh vH) 1 + 
Lc \ , / L̂ c + T 

L^ VT \ T L 

T h u s , for koo - 1> P i n c r e a s e s f rom z e r o with i n c r e a s i n g H and soon 
a t t a i n s an a s y m p t o t i c v a l u e . Th i s is not s u r p r i s i n g s ince an a v e r a g e of 
one t h e r m a l n e u t r o n is t h e r m a l i z e d for e a c h t h e r m a l n e u t r o n a b s o r b e d in 
the c o r e w h e t h e r the t h e r m a l i z a t i o n t a k e s p l ace in the c o r e or in the 
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reflector. For ka)>l, which is the case usually considered, |U>0 and p in
creases from zero with increasing H and attains a value of unity for a value 
of H less than (-n/Zjx). In this case, there are other intervals of H where 
H>(7r/2(Li) which yield a value of p between 0 and 1, but these values do not 
have physical significance because they yield fluxes which are not always 
positive. For the case koo<l. a sufficient condition for the fluxes to be 
positive is Si>0 and S2<0, which is true for most sets of reasonable values 
of the constants involved. 

The following sets of constants were used to calculate p as a function 
of H: B | = 0, Lr = 1000 cm^,T = 
1.10. Table XV gives the resul ts . 

125 cm'", Lr 4 cm ' 0.95, 1, and 

Table XV 

p AS A FUNCTION OF H FOR THREE VALUES OF kc 

H 
(cm) 

0 
0.1 
0.2 
0.5 
1 
2 
3 
4 
6 
8 
10 
15 
20 
30 
40 
50 
60 
80 
100 

0.95 1 1.1 

0 
0.30813 
0.42617 
0.55178 
0.60860 
0.63541 
0.63989 
0.63917 
0.63395 
0.62783 
0.62176 
0.60737 
0.59428 
0.57211 
0.55512 
0.54252 
0.53347 
0.52264 
0.51749 
0.51307 

00 

3.0831 
2.2292 
1.7217 
1.5610 
1.4951 
1.4846 
1.4863 
1.4985 
1.5131 
1.5279 
1.5641 
1.5986 
1.6605 
1.7113 
1.7511 
1.7808 
1.8177 
1.8358 
1.8516 

0.32445 
0.44889 
0,58190 
0.64328 
0.67474 
0.68286 
0.68549 
0.68673 
0.68689 
0.68691 
0.68692 

koo/p 

00 

3.0821 
2.2277 
1.7185 
1.5545 
1.4821 
1.4644 
1.4588 
1.4562 
1.4558 
1.4558 
1.4558 

0 
0.35701 
0.49431 
0.64239 
0.71336 
0.75555 
0.77242 
0.78368 
0.80244 
0.82119 
0.84103 
0.89803 
0.97125 
superc 

3.0811 
2.2253 
1.7124 
1.5420 
1.4559 
1.4241 
1.4036 
1.3708 
1.3395 
1.3079 
1.2249 
1.1326 

ritical 
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V . E X T R A P O L A T I O N D I S T A N C E M E T H O D F O R A S L A B R E A C T O R 

T h e s l a b r e a c t o r f o r t h e c a s e of a t h i n c o r e m a y a l s o b e t r e a t e d b y 

t h e e x t r a p o l a t i o n d i s t a n c e m e t h o d i n w h i c h t h e c o r e i s c o n s i d e r e d t o b e of 

z e r o t h i c k n e s s a n d t h e r a t i o of t h e r m a l f l u x t o i t s d e r i v a t i v e a t t h e c o r e -

r e f l e c t o r i n t e r f a c e i s g i v e n b y a n e x t r a p o l a t i o n d i s t a n c e d. T h i s m e t h o d 

h a s b e e n u s e d b y E r g e n ' ° / f o r a s p h e r i c a l f l u x - t r a p r e a c t o r w i t h s l o w i n g 

d o w n b y F e r m i a g e t h e o r y a n d a t h e r m a l l y b l a c k c o r e (d = 0 ) . H e r e w e 

c o r r e l a t e t h e e x t r a p o l a t i o n d i s t a n c e t r e a t m e n t f o r a s l a b c o r e w i t h t h e 

t w o - r e g i o n t r e a t m e n t g i v e n i n t h e p r e v i o u s s e c t i o n i n o r d e r t o f i n d v a l u e s 

f o r d a n d a c o n s t a n t d e n o t e d b y Pgff, w h i c h w i l l b e d e f i n e d b e l o w i n c o n n e c 

t i o n w i t h t h e c r i t i c a l i t y e q u a t i o n . 

T h e d i f f u s i o n e q u a t i o n s i n t h e r e f l e c t o r f o r t h e e x t r a p o l a t i o n d i s 

t a n c e t r e a t m e n t ( E ) a r e t h e s a m e a s f o r t h e m e t h o d of S e c t i o n IV i n w h i c h 

t h e f i n i t e t h i c k n e s s of t h e c o r e i s t r e a t e d e x p l i c i t l y ( F ) . T h u s t h e a r b i t r a r y 

c o n s t a n t s i n t h e s o l u t i o n s c a n b e c h o s e n s o t h a t t h e f l u x e s i n t h e t w o 

m e t h o d s a r e e q u a l a t t h e c o r r e s p o n d i n g p o i n t s i n t h e r e f l e c t o r . T h i s i m 

p l i e s t h a t t h e t h e r m a l e x t r a p o l a t i o n d i s t a n c e d f o r E m u s t b e t h e s a m e 

a s t h e r a t i o of t h e r m a l f l u x t o i t s d e r i v a t i v e a t t h e c o r e b o u n d a r y f o r F . 

T h e r e f o r e , 

d = 
S i A c o s h (3H + S j C c o s h m H 

SiAj3 s i n h |3H -I- S^C m s i n h m H 

1 
S j / | 3 t a n h /3H + p , \ 

Si \ m t a n h m H + Pi / 

/3 t a n h /3H - — m t a n h m 
/ / 3 t a n h |3H + p i \ ' 

I m t a n h m H + pW 

w h e r e w e h a v e t a k e n t h e c a s e w i t h k o o < l a n d w r i t t e n |.2 | = |3. If t h e c o r e 

h a s h i g h t h e r m a l a b s o r p t i o n , t h e v a l u e of d i s g i v e n v e r y r o u g h l y b y 

c o t h m H 
d ~ 

m 

I n o r d e r t o d e f i n e Pef f . w e i n t e g r a t e e q u a t i o n s (1) t o (4) o v e r t h e i r 

r e g i o n s of v a l i d i t y a n d w r i t e t h e c r i t i c a l i t y e q u a t i o n a s g i v e n b y ( 1 0 ) b e l o w . 

T h i s g i v e s 

Di , k „ D , 
(6) 

I2 - ^ (1 + L ^ B l ) l2c + P — l i e = 0 (•?) 
L c T 

- J i - — ( 1 + T B | ) l i r = 0 (8) 
T 
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-Jz - - 4 ( 1 + L r B i ) Izr + — I l r = 0 

(rjfpeff - 1) Jz - ? | (1 + L r B i ) Izr - — r B ^ I i r = 0 

w h e r e 

J i = Di 

D , 

F 
d 0 i r 

dx 

, F 
d02r 

H 

d x 

E 
d 0 i r 

dx 

E 
d02r 

dx 

I 

H 

H 

d x 

d x 

r F r" E 
i r = I 0 i r dx = I 0 i r dx 

- ' H '̂ O 

/

CO . 0 0 

02̂ 1. dx = j 0fi. dx 

(9) 

(10) 

The c r i t i c a l i t y equa t ion (10) m a y be w r i t t e n m o r e exp l i c i t ly as 

Tl^Peff ^ J 
TPi(pi + P2)(l + dp2) 

On combining equa t ions (6), (7), (8), (9), and (10), we get 

(11) 

1 
Di L; I, 

Peff 

Z i _ (1 + T-Bf ) - i i -
Dp T ^ -'•' Izc 

1 + L^B^ - p 
Di L | Iî c 
D, T I , 

(12) 

In equat ion (12),' the t e r m s involving Bj_ a l low for l e ak ag e f r o m the 
ou t s ide of a c o r e finite in the d i r e c t i o n s p e r p e n d i c u l a r to the x - a x i s . The 
o the r t e r m s r e p r e s e n t the fact tha t not a l l n e u t r o n s slow down in the 
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reflector and that there is a difference in the average number of neutrons 
thermalized per neutron slowing down in the core or in the reflector. For 

0 and H very small , the value of Pgff approaches one as expected. Bi 

VI. APPLICATION OF EXTRAPOLATION DISTANCE METHOD IN 
CYLINDRICAL GEOMETRY TO lao CORES 

The theoretical t rea tment of the laQ-spaced lattices with B and W 
fuel is more difficult than that of the other lat t ices. Because of the close 
spacing of the fuel rods, it is difficult to calculate the core constants 
accurately. The epithermal absorption is so high that it may not even be 
reasonable to consider the low-energy flux as a Maxwellian plus a 1 / E 
tail in determining cross sections. Also, because of the high resonance 
and epithermal absorption, the usual formulae for resonance or epithermal 
escape probabilities may be poor, as they are based on weak absorption. 
Because of these difficulties, complete calculations were not carr ied out 
for the laQ lat t ices . However, the extrapolation distance model in cylindri
cal geometry was used to study important features of these lattices. 

We consider a cylindrical reactor of finite height with a thin core 
at r = R and an infinite radial reflector. The radial diffusion equations 
in cylindrical coordinates are 

r. / d' I d 
Di • + 

Vdr^ r dr 

^ (1 + T B | ) 0 , + - ^ 6(r - R) = 0 

d r ' "2 1—2 + T d7 2̂ - - r (1 + 4 B | ) 0 2 
D, 

(13) 

(14) 

If we assume the extrapolation distance to have the same magnitude on 
both sides of the core, the solutions are 

0,(r) = ^ Ko(piR)Io(Pir) . r<R 

01 (r) 

02(1-) 

(r) = 

271-Di 

S Ko(piR) 

r > R Io(PiR)Ko(Pii-) 

i4PigJl44|^)l„(p2r)-Io(Pir) 
Io(p2R) + dp2ll(p2R)/ 

>Ko(p .R) .dp ,K . (p ,R) \ ^^(p^^) 
VKO(P2R) + dp2 Ki(p2R)/ 

Z-nDzTipi-pl) 

S lo(PiR) 

27I-D2T(pf-p2) 

(15) 

(16) 

r<R ; (17) 

r>R ; (18) 
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The c r i t i c a l i t y equa t ion is found f r o m the r e l a t i o n 

PeffT^°2 d r 

d02 
dr R . 

+ D, 
' d 0 i 

d r d r R . 
(19) 

to be 

Peff' ' ' 

O-IJ) 

/ /IolpiR)+clpiIi(piR)\ , , „,^ , „, /Ko(piR)tdpiKi(piR)\\ 
- P2R(KO(PIR)[I(P2R)(^I°,P^R| , jp.i^ip.R,) ^ ^o'Pl^'^l'Pz^' »Uo'P2^' * dP2^l'P2^'ij 

•1 . (20) 

It m a y be s e e n on us ing the a s y m p t o t i c f o r m s of the B e s s e l func t ions ( l 0) 
tha t , for v e r y l a r g e R, the c r i t i c a l i t y equa t ion is the s a m e a s for the s l ab 
r e a c t o r as it m u s t be . 

On the a s s u m p t i o n tha t peff = 1, the to ta l p o w e r i s g iven by 

P o w e r 
3.2 X 10"' vp 

( T h e r m a l A b s o r p t i o n in C o r e ) 

2S 2 S 

3 . 2 x 1 0 " vp B^(k / p ) 3 . 2 X 1 0 ' % B 2 
M w 

Thus the c e n t r a l flux for a to ta l p o w e r of 100 Mw is 

B 2 i . ( 3 . 2 x l 0 ' 8 ) / lo(p iR) + dpiI i(piR) , 
02(0) = : — K„(piR) ( , ,„ ^ , ^ . , „ T / „ ,̂̂  - l) n / ( c m 2 ) ( s e c ) 

4 7 T D , I 
L ' 

Io(p2R) + dp2li(p2R) 

(21) 

We now u s e the above f o r m u l a e to m a k e s o m e rough c a l c u l a t i o n s 
for lao l a t t i c e s wi th B and W fuel. Tab le XVI g ives the r e s u l t s . The 
va lues of B^ and R a r e e x p e r i m e n t a l v a l u e s ( ° ) wi th R being the i nne r 
r ad iu s of c o r e s which w e r e l e s s than 3 c m th ick . In m a k i n g the c a l c u l a 
t i ons , the n u m b e r s T = 125 cm^, Lj. = 1000 cm^, D2 = 0.75 c m , and v = 2.47 
w e r e u sed . 

CALCULATIONS FOR B AND W la„ LATTICES 

R = 16.43 cm 
Bi = 0.00038 c m " 

R = 26.22 c m 
B | = 0.000535 cm"^ 

(cm) Peff i f 
*2(0) * ; (0) «2(0) *2{0)* 

*;(R_) ( n / ( c m ' ) ( s e c ) X 1 0 " ] P ^ " l ' ^ ^ ( R j [n / ( cm ' ){aec ) x 1 O'*] 

0 
2 
4 
6 

1.507 
1.623 
1.733 
1.837 

OS 

4.497 
2.742 
2.157 

20.1 
25.3 
30.2 
34.9 

1.479 » 
1.587 5.339 
1.692 3.138 
1.793 2.404 

21.5 
25.2 
28.6 
31.9 

*ToEaI power = 1 0 0 Mw 
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One would expect values of Pgff ^'^<i d to be about the same for 
annular cores as for slab cores of the same thickness. This suggests that 
d should be about 4 cm for the cores of Table XVI, although this value is 
quite sensitive to L | . AS mentioned previously, it is difficult to calculate 
accurate constants for the lap core , so the value suggested for d may not 
be very good. The slab calculations indicate a value for Pgff of about 
0.96 or 0.97. Combined with the values of Pgff^f in Table XVI for d = 4, 
this gives values for r)f of the order of 1.75 or a little la rger . The value 
of 1.75 is reasonable for thermal absorption alone, although epithermal 
absorption would tend to reduce it somewhat. However, a little smaller 
value of LQ, and consequently of d, would reduce the values of PgffTjf in 
Table XVI. Also, the values of Peffl^ =̂ ^̂  quite sensitive to T and L^, 
with an increase in T or a decrease in Lr increasing p ££T]f. In view of 
the sensitivity of equation (20) to the various constants involved and the 
uncertainty in these constants, about all that can be said is that the 
values of Pg^^rjf in Table XVI are not inconsistent with experiment. 

Table XVI shows that the flux peaking in the flux trap of laj lat
tices is very good, as would be expected because of the highly absorbing 
core. The central flux for a total power of 100 Mw is higher than that 
obtained with any of the 2ao or 6ao lat t ices. 
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APPENDIX 

Equations Used in For t ran P rogram RE-240 

The two-group radial diffusion equations in cylindrical coordinates 

^ / d̂  1 d \ , / I , \ kooD2c 

°'^ is7^ + ; 5 ; ) * ' - -D ,c (7 + Bij ^c + —7:r02c = o , 

in the core, and 

/ d̂  1 d \ / I , \ Dir 
°2^ l ^ ^ " 7 5 7 / *^r - D2r (jT + B^j 02^ + — 0ir = 0 

in the central reflector, with all notation used being standard. 

For the f lux-trap region, the solutions of the diffusion equations are 

0ir = AZi 

02r = SoAZi + BZj 

where 

Zi = lo(Pirr) 

Z2 = Io(P2rr) 

Pir - — + Bz 
' r 

„2 L , R2 
P2r - j_̂ 2 + B ^ 

So 

and A and B are to be determined by boundary conditions. 
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w h e r e 

The so lu t i ons of the diffusion equa t i ons in the c o r e a r e 

01C = CX + EY 

0 2C = SjCX + S2EY 

Jo(^r) - i 4 4 | i . | Yo(^r 
Yo(^R2) 

f = 
2 

m = 

2 

v' = 

Si = 

M̂  - Bi , 

v' + B | , 

1/2 

1/2 

; (4'i) 
.(^c ^ i^) 

pDic 

TcD2C ( E J + M ^ ) 

pDic 

ĉ' i ) 
4 ( k o o - l ) 

+ / — 
1 J _ 

Tr ^ U 

4(koo- 1) 

. ° - (l!l 

R2 is the ou te r r a d i u s of the c o r e , and C and E a r e found f r o m the b o u n d a r y 
cond i t i ons . 

At the c o r e - r e f l e c t o r i n t e r f a c e , the con t i nu i t i e s of f a s t and t h e r m a l 
f luxes and of c u r r e n t s y ie ld the c r i t i c a l d e t e r m i n a n t A and the c o n s t a n t s A, 
B, C, and E. The c r i t i c a l d e t e r m i n a n t i s g iven by 

^ ' ^ l^X ' Die z j \ ,Y " D2C Z 2 / " ' \^X " D2C Z2y \̂  Y • Die z j " 

- ^ ( f - T ) ( | - | ) -
w h e r e ' s ign i f ies d / d r and a l l funct ions a r e e v a l u a t e d at the i n t e r f a c e , 
r = R. Also , 
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ZiL fiL' ^ r Z ; \ /YI D „ Z ; \ /X . Y'\1 

^ = Z ^ r U -DICZT; -^^[T-^_Z-J -^[-X- ? jj 

A 
z^/£i r z | Y; 
X I Die Zi " Y 

E 
A 

2i] Pir z; 

X " Die Zi 

The a v e r a g e f luxes a r e 

- 4A l i (P i rR) 

4 A 

Pi rR 

SoIi(pirR) B l i(p2rR) 

4 A 

"^ " 7 r ( R ^ R ' 

4 A 

Pi rR A p2rR 

C \_ I 2 
A- i' r ^ ' + ^Y„(.«R2) ) + A • m^ [-^^' ^ Ko(mR2 

^̂^ =^(Rr^) 
S i C 

i' V'^' ^ Ŷo(.«R2) ) " ¥ -m̂  (-RY' + 
1 

Ko(mR2) 

w h e r e X' and Y' a r e e v a l u a t e d a t r = R. In o r d e r to a s s i g n a va lue to the 
c o n s t a n t A, the n o r m a l i z a t i o n condi t ion 

1̂ 00 D2C 
TT 02C = 1 

P Lc 

was u s e d . 

Input for the R E - 2 4 0 p r o g r a m c o n s i s t s of the c o r e and r e f l e c t o r 
m a t e r i a l c o n s t a n t s , a x i a l buck l ing , c o r e ou te r r a d i u s , and two g u e s s e s for 
the i n n e r r a d i u s R of the c o r e . The c r i t i c a l d e t e r m i n a n t i s e v a l u a t e d for 
t h e s e two v a l u e s of R and (N - 2) o t h e r v a l u e s found by i n t e r p o l a t i o n w h e r e 
2 < N s 9 and N i s an input n u m b e r . The output c o n s i s t s of the N v a l u e s of 
R and A , the a v e r a g e fas t a n d t h e r m a l f luxes in c o r e and r e f l e c t o r , the 
v a l u e s of the f luxes on the r e a c t o r a x i s and a t the c o r e - r e f l e c t o r i n t e r f a c e , 
and m i s c e l l a n e o u s o t h e r da t a c o n c e r n i n g the f l uxes . 
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